IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. ED-31, NO, 10, OCTOBER 1984 MOS Photon-Counting Sensor Operating in the Above-Breakdown Regime In this first demonstration of the proposed device, discrete structures in silicon are investigated experimentally. It is demonstrated that .]Iternal gains of 3 X lo6 electrons/photon are possible during operatim~ at about 10 V above breakdown. It is also shown that, after accounting for dark generation and retriggering effects, the photon-induced count rate saturates with increasing bias above breakdown. The resulrs are in excellent agreement with the theoretical predictions from a twodimensional model and imply that, at 10-15 V above breakdown avalanche initiation probabilities for electrons in excess of 0.9 have been attained. P
I. INTRODUCTION HOTON COUNTING is a widely used technique, particularly in astronomy, for ultralow-light level imaging. This technique not only ensures that statistical photon noise dominates the signal to noise ratio in the output, but it also avoids some of the linearity, stability, and threshold problems o :ten encountered with analog imagers. Unfortunately, many of the existing photon-counting systems require real-time frame processing to detect the photon event centers, resultingin alim..ted frame rate and reduced dynamic range. In addition Ihese imagers generally exhibit "blooming" of bright sources, resulting in rather poor saturation characteristics. All of the presently existing photon-counting imagers employ special image tubes to provide the gain necessary to detect indivkual photons. These image tubes utilize either a semitransparent or opaque photoemissive surface as the initial light-senskive element. It is the limited responsive quantum efficiency (R.QE) of this photocathode that most severely limits the per:'ormance of existing photon-counting imagers. Only in the d:ep ultraviolet is it possible to achieve an RQE greater than 50 percent. In the visible portion of the spectrum the best phcltocathodes have RQE's of 10 to 20 percent. In the near infrared, a spectral region of considerable interest to astronomers, photocathodes exhibit very poor responsive quantum efficiciencies. Alternate methods of achieving the required pretle- tection gain must, therefore, be considered if one is to significantly improve the performance of photoncounting imagers for astronomical applications. It is well established that silicon p-n junction avalanche photodiodes can perform in a "Geiger tube" mode [l] - [5] .
This mode of operation demands that the diode dark current be very low and that the applied reverse bias voltage be pulsed to values well above the breakdown level. Silicon avalanche photodiodes operated in this fashion as photon counters would seem to have very useful applications in the field of low-level light detection. The inherent high gain is an obvious attraction, as is the high responsive quantum efficiency of silicon in the visible and near infrared portion of the spectrum. It is possible to envisage a monolithic or hybrid array of avalanche photodiodes, each with its own pulse-detection circuitry, forming the basis of a small entirely solid-state photoncounting imager. Larger monolithic arrays could be realized by operating the individual diodes in a charge-storage mode with a serial read-out, and reset, at the end of each frame. Unfortunately, the requirement of high-voltage reset switches and the need to prevent avalanche discharge during readout severely complicates the design of such self-scanned arrays of p-n junction diodes. These problems, however, would not arise if MOS diodes, rather than p-n junction diodes, were used in a chargetransfer mode as the image elements of an array.
The operation of a MOS diode in the suggested manner requires pulsing the semiconductor under the metal gate into very deep depletion, such that the field in the depleted region is higher than that which would normally cause breakdown and the subsequent formation of an inversion layer. MOS diodes of this sort could be integrated into a charge-coupled array so that the readout, and simultaneous reset, would proceed exactly as in a normal CCD imager. The difference, of course, is that instead of creating only one carrier pair, a single photon would be able to trigger a momentarily sustained avalanche, thereby inducing a sizeable charge packet, typically IO6 electrons, undir the detection gate.
A further important advantage of using arrays of MOS, rather that p-n, diodes is the MOS diode's inherent quenching mechanism. Once an avalanche has been initiated and large numbers of carriers are being generated, an inversion layer will build very rapidly in a surface channel device until the potential across the semiconductor depletion region has dropped to a value too small to sustain the avalanche. In a buried-channel device, charge accumulation in the potential well will have the same effect, The MOS capacitor will then remain in a partially discharged state until it is reset by transferring the charge from tor before the reset merely result in a single carrier being added to the surface inversion layer or potential well. Excellent saturation characteristics are, therefore, expected for this type of photon-counting detector. Clearly, photogeneration must be the dominant mechanism for the production of triggering carriers if a MOS diode is to be operated above breakdown as a photon-counting detector. It can be shown [6] that the dark generation rate of triggering carriers should be less than 5 percent of the event rate due to photogenerated carriers in order not to degrade the performance of the sensor. The minimum photon flux to be measured is determined by the low-level background signal which varies greatly from one image task to another. In order for the proposed photon-counting imager to be of interest, however, it must be capable of operation down to photon flux levels at least as low as 0.1 s-' -cm-2 per pixel. For typical pixel areas on the order to 1000 p m 2 this would necessitate a dark generation rate less than 500 s-' cm-2 or approximately A -cm-2. Attainment of such low dark count rates present a formidable challenge, particularly in a surface-channel charge-transfer device. The problem is particularly severe in the proposed mode of operation where very high surface fields will encourage tunneling between surface states and the semiconductor. To eliminate dark current mechanisms associated with surface states, a buried-channel structure was used in this first investigation of the operation of MOS diodes as photon counters. Design considerations for a discrete device, fabrication procedures, and preliminary results are discussed in this paper.
DEVICE MODELING AND DESIGN
A discrete version of the proposed buried-channel MOS photon counter is shown in Fig. l(a) . On application of a suitable voltage to the photogate, the n-layer is fully depleted and a field of above-breakdown proportions is established in the depletion region of the n-p junction; see Fig. 2 . By illuminating from the rear, photons are absorbed in the substrate, leading to the possibility of photogenerated electrons initiating an avalanche. The charge packet resulting from electron multiplication in the avalanche is collected in the potential well, causing a reduction in the depletion layer field (Fig. 2) and, eventually, a quenching of the avalanche. The collected charge Q can be transferred to the output electrode by application of a suitable voltage ( VT -2 V ) to the photogate; see Fig. 1 
(c).
A shield gate is provided around the device in order to interrupt any surface channels that might otherwise connect the device to the bonding pad depletion regions (not shown).
In order that avalanches be created only by photogenerated carriers, it is necessary to limit the nonoptical generation of electrons and holes. Thermal generation of carriers by bandto-band transitions, or excitations from either bulk defects or impurity trap levels within the depletion region can be greatly reduced by operating the device at low temperatures. A device temperature of 80 K was used in the work reported here. Interband tunneling in the high field region of the depletion layer is another possible contributor to the dark generation of carriers. Based on some experimental data on this effect from P rA12O3 Fig. 1 . Buried-channel charge transfer test device: (a) layout and vertical structure; (b) potential well diagram in deep depletion, before breakdown; r$b is defined in Fig. 2 ; and (c) potential well diagram during reset, when charge transfer takes place.
Haitz [7] and on the expressions for electron-hole pair generation developed by Kane [8], [9] , it was deduced that with a junction depth yi of about 2 Dm, a substrate doping density NA of about 7 X l O I 5 cm-3 was needed to reduce this effect to acceptable levels [6] . Another possible cause of unwanted triggering of avalanches is generation of electrons and holes at interface states. To suppress this effect it is necessary to locate the potential minimum under the photogate ( Fig. 1 (b) ), away from the Si-Si02 interface (Fig. 2) . Under such circumstances, any electrons released from surface states will be collected .in the potential well. Interface-generated holes will migrate laterally and escape into the substrate.
Given yi and NA , the location of the potential minimum depends on the doping density N ( y ) of the n-layer. N must be high enough that the potential minimum is located away from the interface when the photogate is deeply dlepleted; but, at the same time, it must not be so great as to cause excessive fields at the Si-Si02 interface during reset (Fig. 2) . Such high surface fields during charge transfer would enable electrons emitted from surface states to trigger a sustained avalanche discharge. The gate oxide thickness, although it does influence the value of V, required to bias the device above breakdown, is not critical. In practice, the oxide thickness was determined by the minimum value required to prevent anodization of the silicon when forming the aluminum oxide film which was used as an insulator in the double-level metallization scheme shown in Fig. 1 (a). This value was nominally 0.5 pm. The transfer gate, which surrounds the photogate and extends 5 pm beyond the n-well ( Fig. l(a) ), also serves as a guard ring. During operation of the actual devices this gate was maintained at a voltage V, = 40 V relative to the substratc to ensure that the n-well did not break down along its edge wl-ere the junction curvature is high, and to improve the planarity of the breakdown under the photogate. A gate voltage of Pi-= 40 V required the n-well output contact to be biased at approximately Vout = 60 V relative to the substrate in ordel to fully deplete the n-layer under the transfer gate, thus isolalxg the photogate. The measured breakdown voltage of the nwell was 65 V; therefore, larger values of V, could not be usec. to further improve the planarity of the avalanche breakdown under the photogate.
In order to calculate the required n-layer doping density, ;Ind to gain some insight into the expected uniformity of the breakdown under the photogate, a two-dimensional model of the photon counter was developed [lo] and used to calcu1;~te the potential distribution in the n-layer and p-substrate. A Gaussian profile for the n-layer doping density was assumt:d. Values of surface concentrationN(0) less than about 2 X cm-3 were found to be insufficient to keep the potential mmimum away from the interface. Values of N(0) greater tllan about 4 X 10l6 cm-3 were found to indicate occurrence of breakdown at the silicon surface during the transfer operatim. Results for an intermediate value of N(0) = 2.7 X 10l6 c : n~-~ are shown in Fig. 3. This and the other parameters used are listed in Table I and represent the measured values from the actual devices used in the experiments reported in Section IV.
To estimate the breakdown voltage in the depletion region under the photogate, the avalanche initiation probabilities for holes at the potential minimum Ph(0) and electrons at the depletion region edge l ' , (~) were calculated. The avalanche initiation probability P is defined as the probability that a carrier will establish a sustained avalanche by causing the generation of an infinite number of descendants [ l l ] . P is zero at the breakdown voltage and eventually saturates to a value of unity as the diode is biassed further above breakdown. Pe and Ph can be expressed in differential form [5] dPe1d.
where a, and ah are the electron and hole ionization rates. ' The appropriate boundary conditions are
where y = 0 is taken at the potential minimum. By integrating (1) and (2), using the boundary conditions of (3), and allowing the electric field and ionization coefficients to retain their initial preavalanche zero-current values, Ph (0) and Ph (w) as a function of position x under the photogate were calculated for various values of V,. The position x refers to the starting position of the carrier being considered. Integrations were carried out along the lines a-g shown in Fig. 3 . The results shown in Fig. 4 indicate that P,(w) becomes equal to zero close to the center of the photogate at Vg = 100 V. This value can thus be used as the breakdown voltage. Fig. 4 also indicates that significant edge breakdown is likely to occur at V ' = 100 V. At about 8 V above breakdown (V, = 108 V), however, edge breakdown no longer dominates, and P,(w) is close to 0.9 at the center of the gate. Operation of the devices at gate voltages in excess of 8 V above the breakdown voltage should thus ensure triggering of an avalanche by a photoelectron generated in the depletion layer.
EXPERIMENTAL DETAILS A. Device Fabrication
Devices were fabricated on 2.2-2.5 S2 cm boron-doped (100) Czochralski wafers. An Al-A12 03-Al double-level metallization scheme was used and the interlevel vias were opened by selectively etching the Alz O3 anodic oxide layer [12] .
Anodization was performed in 25-percent (weight) ammonium pentaborate/ethylene glycol electrolyte [13] to a formation voltage of 220 V, so chosen to ensure that the anodic oxide would easily support a 100-V potential difference between the 'C. A. Lee, R. A. Logan, R. L. Bardorf, J. J. Kleimack, and W.
Weigmann, Phys. Rev., vol. 134, p. A761, 1964 . This citation was used for room-temperature data. To transform this ionization rate data to other temperatures, parameters given in the following citation were used: J. Conradi, Solid-state Electron., vol. 17, p. 99, 1974 . two gate levels (see Fig. 1 (a) ). To prevent anodization ojf the silicon during the AlZO3 growth step, a SiOz gate oxide of nominal thickness of 0.5 pm was used. All silicon oxic1;ltions were carried out at 1 1 50°C with HC1 added to the dry oxidizing atmosphere. The lightly doped n-layer was achieved by xneans of a phosphorous predeposition step at 780°C for 20 m h , followed by drive-in at 1150°C. Prior to the loading of vrafers for all diffusion and oxidation steps, the quartz furnace tube and boat were precleaned in an Oz/HCl gas flow for 2 h. Contact sintering of A1 metallization to the n+ and p* contact diffusions (see Fig. l(a) ) was the last step in the fabrication process and was performed in a hydrogen ambient at 4:)O"C for 60 min.
Individual die, each containing six test devices, were motmted in modified ceramic 16-pin DIP packages. To enable back.-side illumination of the devices, the metal bottoms of the pac1;ages were replaced by glass, to which the test chips were affaed by transparent epoxy glue. The package pins were then bent sideways to facilitate illumination of the devices through the glass.
B. Test Apparatus
To accomplish testing in the temperature range 80-141) K, the packaged devices were clamped to an aluminum cold f nger within an enclosure maintained at a vacuum below lo-'' torr by means of a small cryopump. The devices could be illuminated through a glass window in the cold chamber by light from a red gallium arsenide-phosphide LED (TIL 200, X, , , = 620 nm). The LED was mounted in an integrating sFhere along with a photodiode which was used to monitor the Light intensity. An absolute calibration of the number of pkotogenerated primary electrons per second reaching the e d p of the photogate depletion region from the neutral bulk WBI determined from charge integration measurements.
A block diagram -of the test electrohcs is shown in Fig. 5 . The driver supplies a symmetrical trapezoidal waveform with a ramp rate of 5 X lo6 V * sec-' and no overshoot or undershoot, The upper level of the drive pulse may be varied from t20 to t 150 V while the lower level may be varied from -90 to t50 V. The amplifier used to detect the avalanche charge pulses is housed in an aluminum box on the back of the cold chamber. It consists basically of a low-noise wideband J4;ET input op-amp (LF 356) operated as a current to voltage amplifier, followed by further voltage amplification and then a :highspeed sample . . and . . . . hold . . . amplifier (LH0053), operated ;:s a preset integrator. The output of the currentamplifier is 1 r . m itored on an oscilloscope and the integrator output is patsed to a discriminator circuit and counter. The current integrator may be taken out of the preset mode to start .integration anywhere along the positive-or negative-going edge of the &ive pulse, and the duration of the integration may be varied independently of the driver waveform. Before being preset, the integrator goes into a hold mode momentarily while the riiscriminator is activated. The level of noise at the discrimini;tor was 3 X IO3 electrons rms for the short (up to 0.1 ms) inte,gation times used. The discriminator was set comfortably abme this level at 5 X IO4 electrons. The measured pulses ranged from the discriminator level near! breakdown to 3 X IO6 e lectrons at about 10 V above breakdown. 
w. EXPERIMENTAL RESULTS AND DISCUSSION
The operating voltages used for testing devices in the abovebreakdown mode of operation were as follows (see Fig. 1 for explanation of symbols): Vout = 60 V, V, = -15 V, VT = 40 V, and V, = 38 to 11 8 V. All voltages quoted are with respect to the substrate which was held at -60 V with respect to ground. Charge transfer to the n-well output takes place at the end of the negative-going photogate reset pulse.
The first detectable breakdowns under the photogate occurred at a potential of V, = 101 V relative to the substrate, in close agreement with the value predicted from the twodimensional calculations. The pulse height distribution was very sharply peaked at all photogate biases except those very close to the breakdown voltage. The typical total variation of pulse heights was +lo percent of the mean, except for the occasional low pulses that were assumed to be due to discharges occurring during the rising or falling edges of the drive pulse.
A. Dark Events
For steady-state dark generation mechanisms obeying Poisson statistics it is expected that the probability of an event occurring during any period tu above breakdown will be directly proportional to tu (at least for the case of small probabilities where temporal sampling effects are negligible). Fig. 6 shows the observed dark event probability, i.e., the number of events over the number of periods ta, plotted as a function of the active period tu for several different values of excess bias.
Clearly, in addition to the expected steady-state dark generation mechanism, another generation mechanism is also present for which there is a finite probability of a dark event following each reset, down to active times at least as short as 0.5 ms. It is speculated that these additional dark events are due to hole emission from shallow traps located near the p-side edge of the depletion region. During reset this portion of the semiconductor is no longer in depletion (see Fig. 2 ) so that the shallow levels are able to fill rapidly with (capture) holes. Increasing the reset duration leads to a saturation of the dark even proba-' bility as shown in Fig. 7 . The small size of the saturation probability is consistent with the proposed dark generation mechanism since holes emitted nearthe p-side edge of the depletion region have an extremely small avalanche initiation probability. The hole capture rate and hence the capture cross section for the shallow traps may be estimated from the time constant for hole capture during reset. Taking this time from Fig. 7 to be 1 ms implies a capture cross section of about cm2. The results of Fig. 6 imply a hole emission time constant that is less than 0.5 ms at 80 K. This, together with the small capture cross section, rules out a simple thermionic emission process a s being responsible for the nonsteady-state dark event generation mechanism as the activation energy would have to be unreasonably small. It is more probable that hole emission from the shallow traps occurs during the active period due t o Poole-Frenkel emission or tunneling under the influence of the high fields (-1 X lo5 V cm-') present in the extended portion of the depletion region. Some confirmation of the existence of shallow hole traps can be derived from the temperature dependence of the dark event probab:ility as shown in Fig. 8 . If allowance is made for the temperat.ure dependence of the hole ionization rate,' the dark event probability is seen to first fall with increasing temperature, indicating an activation energy of around 0.08 eV. Hole emission from such a shallow trap would be expected to diminish on increasing temperature due to the emptying of the hole traps as the Fermi level shifts closer to midgap.
Above 120 K the dark event probability increases with temperature, indicating the presence of another hole trap, much deeper than the one discussed above, for which only thermionic emission processes are important. In order to explain the increase in the dark event rate between i20 and 140 K this deep trap must have a hole emission time constant a t these temperatures that is longer than the active period of 1 ms used in Fig.  8 . At 80 K the time constant for this deep level would be long enough to explain the apparent steady-state component of the dark generation, i.e., that given by the slope of the data points in Fig. 6 . pulse rates presented have been corrected for dead time (ihe reset period). The injection level shown on these figures \;{as obtained from separate charge integration measure.ments, and gives an indication of the arrival rate at the edge of the depletion region of electrons photogenerated in the neutral bulk.
B. Photon-Induced Count Rate
Initially the photon-induced pulse rate begins to saturate with increasing bias towards a level which is in reasonable agreement with the measured injection level. However, complete saturation does not occur and, instead, the pulse rate begins to increase very markedly at bias voltages in excess of about 9 V above breakdown. This behavior indicates the presence of a significant retriggering mechanism. During the course of an avalanche discharge it is likely that some traps in the silicon depletion region will capture carriers from the avalanche, while others will release carriers on suffering impact ionization. In either case, the population of the traps will change and it appears that, in the present devices, this change is such as to cause an enhanced probability of an avalanche being triggered during the next period of application of an above-breakdown voltage pulse. The fact that there is little difference between the high bias level portions of the curves shown in Fig. 9(a) and (b) indicates that the time for these traps to be restored to the prebreakdown status is in excess of the longest reset time used, namely 20 ms. Significantly longer reset times would have to be employed to eliminate from subsequent frames the counts due to the retriggering phenomenon. Experimentally this was not a practical approach as the count rate was only about 1 per 100 frames. Instead, the following experiment was devised to obtain a true measure of the number of pulses triggered by photogenerated carriers.
The devices were operated with an active time of ta = 1.0 ms and a reset time of tr = 2.0 ms. The LED source was pulsed on during the active time of every second cycle and two separate counts were accumulated: one for those cycles with the LED on, and the other for those cycles with the LED off. The short active and reset periods ensure that the count taken with the LED off will include events due to dark generation and the retriggering mechanism. The reset period of 2.0 ms allows time for the photogenerated carriers to recombine so that the count taken with the LED on, after subtraction of the "LED off' count rate, yields the true photon-induced count rate. To minimize coincidence losses, the light level was adjusted so that fewer than 3 percent of the frames contained counts. The results of such measurements are shown in Fig. 10 .
In order to compare these results with those predicted from the theory, a full three-dimensional calculation of the poten-. tial distribution and variation of Pe (w) under the photogate is required. Such calculations have not yet been made. Instead, the two-dimensional results were used in such a way as to approximate a three-dimensional solution. For these calculations a photogate 20 pm wide by 44 pm long, but with semicircular ends, was assumed. This gives the same total area as a 20
X 40 pm gate. The variation of the avalanche initiation probability, along any line normal to the perimeter and extending into the longitudinal center line of the gate, was assumed to be the same as that given by the two-dimensional solution shown in Fig. 3 . Using this construction, the expected variation of the photon-induced pulse rate with gate bias (for rear illumination, Le., pure electron injection) was calculated from the double integral The calculated variation of the photon-induced pulse rate is shown by the solid line in Fig. 10 . The calculated curve has been shifted by t 1.85 V, and has been arbitrarily fitted through the experimental point at V, = 110 V, as no measurement of the absolute injection level was made. The deviation of the first two experimental points from the low-voltage tail of the calculated curve is an expected result since space-charge effects have been neglected. At small excess gate biases the build-up of space charge significantly reduces the number of discharges that result in pulses larger than the discriminator level of 5 X lo4 electrons. Also, the area under the photogate for which Pe(w) is high is reduced at low bias levels, further lowering the size of the discharge pulses. The agreement between the calculated and observed variation of the photon-induced pulse rate with gate bias for the remainder of the experimental points is excellent. It is noteworthy that the upper experimental point at V, = 112 V corresponds to an avalanche initiation probability for electrons Pe(w) that ranges from 0.9 at the center of the photogate to 0.97 at the edge.
V. CONCLUSIONS
The concept of a photon counter based on a buried-channel charge-transfer MOS structure, and operated at voltages in excess of the normal breakdown voltage, has been demonstrated. High internal gains of the order of lo6 electrons/ photon have been shown to be possible in this mode of operation, rendering the counter potentially suitable for detecting 1427 low light level signals. For this application, the dark generation of triggering carriers must be kept very low and a figure of 500 cm-2 . s-l was aimed for in the present devices. A mechanism that prevented the attainment of such a low dark generation rate has been identified, and is shown to involve at least two hole traps located in the portion of the depletion region which is neutral during reset (charge transfer). The capture cross section and activation energy for one of these levels have been estimated at lo-" cm2 and 0.08 eV, respectively. Neither of the levels have, however, been identified with a particular crystal defect or impurity. A reduction in the density of these traps by nearly two orders of magnitude is required in order to achieve the low dark count rate desired.
Undesirable trapping effects, resulting in changes in trap occupancy during the avalanche discharge, are also believed to be responsible for the observed lack of saturation of the photon-induced pulse rate with applied bias. Retriggering of avalanche breakdown on relaxation of these traps to their prebreakdown status is postulated as being the cause of this effect. However, by using a count rate subtraction scheme, devised to nullify the effects of retriggering, the predicted saturation of the photon-induced count rate with increasing bias above breakdown was verified experimentally. The result also indicated that avalanche initiation probabilities in excess of 0.9 at voltages of 10-15 V above breakdown had been achieved. This suggests that photon counters based on the above-breakdown operation of silicon MOS structures should be capable of very high detective quantum efficiencies.
